Experimentally, protein engineering and -value analysis is the method of choice to characterize the structure in folding transition state ensemble (TSE) of any protein. Combining experimental values and computer simulations has led to a deeper understanding of how proteins fold. In this report, we construct the TSE of chymotrypsin inhibitor 2 from published values. Importantly, we verify, by means of multiple independent simulations, that the conformations in the TSE have a probability of Ϸ0.5 to reach the native state rapidly, so the TSE consists of true transition states. This finding validates the use of transition state theory underlying all -value analyses. Also, we present a method to dissect and study the TSE by generating conformations that have a disrupted ␣-helix (␣-disrupted states) or disordered ␤-strands 3 and 4 (␤-disrupted states). Surprisingly, the ␣-disrupted states have a stronger tendency to fold than the ␤-disrupted states, despite the higher values for the ␣-helix in the TSE. We give a plausible explanation for this result and discuss its implications on protein folding and design. Our study shows that, by using both experiments and computer simulations, we can gain many insights into protein folding. P rotein folding is one of the biggest challenges in structural biology (1). To understand how a protein goes from highly disordered unfolded states to its unique native state, the structure of the transition state ensemble (TSE) must be known. By definition, the TSE is at the top of the reaction barrier and has a probability to rapidly reach the native state (P fold , see Methods for details) of Ϸ0.5. Experimentally, the most powerful way to determine the TSE structure is site-directed mutagenesis and -value analysis, first introduced by Fersht and coworkers (2). This analysis relies on the quantity , defined as ⌬⌬G ‡ ͞⌬⌬G U-F , where ⌬⌬G ‡ is the change in free energy between the unfolded states and TSE induced by the mutation, and ⌬⌬G U-F is the change in free energy between the unfolded and native state caused by the same mutation. -Value analysis on different proteins has greatly advanced our understanding of protein folding (2-16).
P
rotein folding is one of the biggest challenges in structural biology (1) . To understand how a protein goes from highly disordered unfolded states to its unique native state, the structure of the transition state ensemble (TSE) must be known. By definition, the TSE is at the top of the reaction barrier and has a probability to rapidly reach the native state (P fold , see Methods for details) of Ϸ0.5. Experimentally, the most powerful way to determine the TSE structure is site-directed mutagenesis and -value analysis, first introduced by Fersht and coworkers (2) . This analysis relies on the quantity , defined as ⌬⌬G ‡ ͞⌬⌬G U-F , where ⌬⌬G ‡ is the change in free energy between the unfolded states and TSE induced by the mutation, and ⌬⌬G U-F is the change in free energy between the unfolded and native state caused by the same mutation. -Value analysis on different proteins has greatly advanced our understanding of protein folding (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) .
However, as values are calculated from the free energy of various states, they do not directly reveal the structure of the TSE. Furthermore, it is often assumed that residues with high values are kinetically more influential than residues whose values are lower, so there have been many recent efforts to predict values from theory (17) (18) (19) (20) . But in some cases, this assumption could be incorrect. For example, a recent study on bovine pancreatic trypsin inhibitor has shown that values may underestimate the degree of structure in the TSE when compared with NMR data (21) . Hamill et al. (9) have convincingly argued that, in the third fibronectin type III domain of human tenascin, Ile-59 is not necessarily more nucleating than Ile-20, despite the higher value of I59A (0.6) vs. I20A (0.4). Similarly, Ladurner et al. (4) have demonstrated that Ile-57 in chymotrypsin inhibitor 2 (CI2) belongs to the folding nucleus despite its low value. In ␣-spectrin and src SH3, the distal loop has high values, but it is possible that these high values are just artifacts from topological constraints (6, 7) . And residues with ''abnormal'' values (larger than unity or negative) seem to make non-native interactions in the TSE (6, 7) and may have been conserved in protein evolution (22) . So, to better understand values and protein folding, it is vital to ask the following questions. First, can we reliably reconstruct the TSE from experimental values? Second, are residues with higher values kinetically more significant than those with lower values? Finally, and most importantly, if the answer to our second question is negative, why is it negative?
To answer these questions, computer simulation is ideal for several reasons. First, it can readily generate different structures and trajectories for the same system. So we can compare one trajectory with another, as well as combine all trajectories to obtain statistical analyses (23) (24) (25) (26) (27) (28) . Second, simulations can investigate protein conformations that are highly unstable and difficult to characterize by experiments, such as the TSE (29) . Finally, computer simulations offers the freedom to create protein conformations that are not found in experiments. By studying these artificial conformations, we could gain insight into the naturally occurring folding nucleus.
We decided to look at the TS of CI2 by using an all-atom model with a Go potential (see Methods for details). CI2 is a 64-aa protein that folds into an ␣-helix packed against six ␤-strands (Fig. 1a) . It is the first two-state protein to be found, with no detectable intermediate along its folding pathway (30) . From extensive -value analyses (3), the CI2 TS is found to consist of the ␣-helix and ␤-strands 3 and 4 (see Fig. 1 legend for the residues in each secondary element). The residues Ala-16, Leu-49, and Ile-57 form the folding nucleus (3, 4) . The ␣-helix has the highest average value, followed by ␤-strands 3 and 4 (3). To elucidate the folding of CI2, several simulation studies have been done. High-temperature unfolding with molecular dynamics (MD) have shed light on the putative TS (31), the unfolded state (32) , and the unfolding pathways (33) of CI2. Unfortunately, given the current limits on computers, it is still impractical to repeatedly fold a protein from a random coil in a MD simulation, with all protein and solvent atoms represented (34). Clementi et al. (35) used a C-␣ model to investigate CI2 folding, but their model has no side chain. In contrast, our model includes all heavy atoms but a simplified energy function, so it lies between all-atom MD and the model in ref. 35 in complexity. Furthermore, we are able to obtain hundreds of trajectories by using our model with modest computer resources and time cost (36) . This makes our study different from, and complementary to, the ones already done.
In this paper we report three results. First, we constructed the TSE of CI2 from published values (Fig. 1b) . Importantly, we This paper was submitted directly (Track II) to the PNAS office.
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have verified, from multiple simulations, that the TSE has P fold Ϸ0.5 and therefore consists of true TSs. Second, we have studied two sets of alternative conformations: one set with a disrupted ␣-helix but intact ␤-strands 3 and 4 ( Fig. 1c) , and the other set with a well-formed ␣-helix but disordered ␤-strands 3 and 4 ( Fig.  1d) . The conformations in the first set are called ␣-disrupted and the ones in the second set ␤-disrupted. Surprisingly, the ␣-disrupted conformations have an average P fold Ϸ0.3, whereas ␤-disrupted states show almost no tendency to fold (P fold Ϸ0). This finding suggests that, compared with perturbing ␤-strands 3 and 4, disrupting the ␣-helix has a weaker effect on CI2 folding, despite the higher values in the ␣-helix. We give a plausible explanation for this result and discuss its implications on folding in other proteins. Finally, because the ␣-disrupted conformations have a P fold significantly greater than 0, we propose them as possible candidates for a re-engineered folding nucleus, which may be realized by redesigning the amino acid sequence, as is recently attempted with protein G (37).
Methods
Model and Simulation Protocol. The all-atom model and simulation protocol have been described in detail (36) . Briefly, the model includes all nonhydrogen atoms in the backbone and side chains of the protein and uses a square-well potential between any two atoms. Each native contact has an attractive energy of Ϫ1, whereas each non-native contact is repulsive with an energy of ϩ1. During a simulation, the program randomly moves up to three residues, calculates the energy before and after the move, and accepts or rejects the move according to the Metropolis criterion (38) . This random movement and subsequent acceptance or rejection constitutes a Monte Carlo step (MCS). Chain connectivity and excluded volume is preserved at every MCS.
Construction and Verification of the TSE.
The putative TSE is constructed in a way similar to that in ref. 29 . We define a quantity sim ϭ N ‡ ͞N NS , where N ‡ and N NS are the number of native contacts in the putative TS and the native state, respectively. Then we unfold the protein from its x-ray structure (Fig.  1a) with the following energy function:
where E Go is the Go potential (Ϫ1 and ϩ1 for native and non-native contact, respectively). exp,k is the kth experimental value in the following list of mutations from ref.
3: K2 M, T3A, P6A, E7A, L8A, S12A, E14N, E15N, A16G, K17A, K18G, I20V, L21A, Q22G, K24G, P25A, E26A, I29A, I30A, L32A, V34G, T36V, V38A, T39A, E41A, Y42G, R43A, D45A, V47A, L49A, F50A, V51A, D52A, N56A, I57A, A58G, V60A, P61A, and V63A. So exp,kϭ1 ϭ experimental value for K2 M ϭ 0.03 (3) . We use the exp s at 0 M guanidinium hydrochloride (3). exp for I57A has been set to 0.5 because this residue participates in the TS despite its low value (4). sim,k is the sim for the kth residue in the same list above (i.e., sim,kϭ3 is the sim for Pro-6). The value of the constant ⌳ is 1,000 and, as a result, all putative TSs have sim Ϸ exp at most positions because the condition sim Ϸ exp minimizes the energy. Typically, Խ sim Ϫ exp Խ is less than 0.1 (data not shown). The unfolding simulations have been performed at a high temperature of 2.3 to remove as much of the native structure as possible. The wild-type CI2 sequence is used throughout. We collected 40 random states from multiple unfolding trajectories after 2 ϫ 10 6
MCSs. This ensemble of 40 conformations is the putative TSE.
To determine the P fold of the putative TSE, we eliminate the second term of the energy function by setting ⌳ ϭ 0 and perform 20 independent runs at T ϭ 1.2 for each member of the putative TSE. So, in total, 800 simulations (i.e., 40 putative TSs ϫ 20 runs per putative TS) have been conducted. The length of each simulation is 5 ϫ 10 7 MCSs, which is less than 5% of the time required by a random coil to reach the native state. The protein is considered as native if its backbone rms deviation from the native state drops below 1 Å. P fold is calculated as: (the number of simulations that folded within 5 ϫ 10 7 MCSs)͞800. T ϭ 1.2 is chosen for the following reason. CI2 is thermally very stable, with a transition temperature (T f ) of 73.8°C at pH 3.5 (39), whereas the protein engineering experiments have been done at 25°C and pH 6.3 (3). The transition temperature of our CI2 model cannot be located exactly (1.7 Ͻ T f Ͻ 1.9, data not shown), and we believe T ϭ 1.2 is approximately the same as experimental conditions in ref. 3 . (40) . The secondary elements are as follows: ␤-strand 1 ϭ residues 3-5, ␤-strand 2 ϭ residues 10 and 11, ␣-helix ϭ residues 12-24, ␤-strand 3 ϭ residues 28 -34, ␤-strand 4 ϭ residues 45-51, ␤-strand 5 ϭ residues 56 -60, and ␤-strand 6 ϭ residues 61-64. Ala-16, Leu-49, and Ile-57 are shown as space-filling spheres. To aid identification in all four structures, the ␣-helix is in red, and ␤-strands 1.2, so it is meaningful to compare our results from the TSE, ␣-and ␤-disrupted states.
Results and Discussion
The TSE. Although our putative TSs have been generated from experimental values, there is no a priori reason to expect that they are automatically true TSs with P fold Ϸ 0.5. Only repeated computer simulations can settle this issue. Here, we have demonstrated conclusively that the conformations in our putative TSE have an average P fold of 0.59 (Table 1) , so they are true TSs. Furthermore, because the TSE is generated from experimental values, a P fold of Ϸ0.5 proves that protein engineering and -value analysis indeed probes the TS along the folding pathway of a protein, and that the use of TS theory in -value analysis is justified.
In general agreement with previous studies (3, 31, 33, 35) , the TSE resembles an expanded native state (Fig. 1b) . The ␣-helix is the most structured, followed by ␤-strands 3 and 4, with ␤-strands 1 and 6 almost completely disordered (Fig. 2) . We focus on Ala-16 in the ␣-helix, as this residue is found by experiments to be fully structured in the TS (3). Among the 40 conformations in our TSE, Ala-16 makes, on average, 28.5 native contacts with other amino acids. Fifty five percent of these contacts are with other residues in the ␣-helix; 29% are with Leu-8 in the type III reverse turn; and 13% are with Leu-49 or Ile-57. The high ratio of intrahelical contacts agrees with the results from molecular dynamics simulations (31, 33) . The contacts with Leu-49 and Ile-57 are consistent with the three residues forming the folding nucleus (3, 4) . Of particular interest is the significant fraction of contacts between Leu-8 and Ala-16. These contacts appear to maintain the reverse turn (residues 8-11) between ␤-strand 1 and the ␣-helix and prevent the N-terminal amino acids from moving too faraway from the ␣-helix (Fig. 3) . This finding suggests that, in addition to forming the nucleus with Leu-49 and Ile-57, Ala-16 may stabilize the reverse turn in the TSE by interacting with Leu-8. Apparently, Leu-8 does not require many contacts to keep the reverse turn in position, because its sim ϭ 0.22 Ϯ 0.03 in the TSE and its value from experiment is only 0.15 (3). So, Leu-8 may be more important to the TSE than its low value may indicate at first glance.
The ␣-and ␤-Disrupted States. To selectively investigate the kinetic importance of various parts of CI2, we generate states with a disordered ␣-helix (Figs. 1c and 2 ) and states with disordered ␤-strands 3 and 4 ( Fig. 1d and 2 ). Table 1 shows that, by many macroscopic measures, the ␣-and ␤-disrupted states are similar to the TSE. The ␣-disrupted states have the highest radius of gyration and rms deviation from the native state (Table 1) .
Protein engineering experiments indicate that ␤-strands 3 and 4 are partially formed in the CI2 TS, with Leu-49 on ␤-strand 4 participating strongly in the folding nucleus (3). So disrupting these two ␤-strands is expected to drastically reduce P fold . This is indeed observed for the ␤-disrupted states, whose P fold is close to 0 (Table 1) . So our simulations confirm the importance of ␤-strands 3 and 4 for CI2 folding.
Both experiments (3) and our simulations (Fig. 2) show that the ␣-helix is the most structured element in the CI2 TSE. So it might be expected that disrupting the ␣-helix would abolish folding. Surprisingly, the ␣-disrupted states have a significant tendency to rapidly reach the native state (P fold ϭ 0.32, Table 1 ). However, instead of contradicting the results from protein engineering, we believe our simulations have improved our understanding of how CI2 folds. Disordering the ␣-helix has (41) .
Fig. 2.
The average degree of native structure for each secondary element in the TSE (black), the ␣-disrupted states (green), and the ␤-disrupted states (red). A high ϽϾ value in a particular element means that the element is well-formed. See Fig. 1 legend for definitions of secondary elements. Fig. 3 . The major contact partners of Ala-16 outside the ␣-helix in the TSE. Leu-8 is in magenta, Ala-16 is in blue, Leu-49 is in red, and Ile-57 is in cyan. The turn between ␤-strand 1 and the ␣-helix is in black.
reduced P fold from 0.59 (the value for TSE) to 0.32. This finding is consistent with the experimental conclusion that the ␣-helix, including Ala-16, is important for CI2 folding (3). However, as stated in our Introduction, experiments cannot unambiguously decide whether the ␣-helix is more or less influential than ␤-strands 3 and 4, because a residue with a higher value is not necessarily more nucleating than one with a lower value. One advantage of computer simulations is that we can readily generate the ␣-and ␤-disrupted conformations and study their folding without mutating or redesigning the protein. And our results suggest that, relative to ␤-strands 3 and 4, disordering the ␣-helix is less destructive to CI2 folding, despite the higher values in the ␣-helix (Fig. 2) . Furthermore, based on the simulation results, we can explain why disordering the ␣-helix is less destructive. The ␣-helix makes 93 local (intrahelical) contacts and 57 nonlocal contacts with ␤-strands 3 and 4 in the CI2 native state. Local contacts are more entropically favored than nonlocal contacts because they constrain fewer monomers. So it is likely that, as an ␣-disrupted state folds, the local contacts within the ␣-helix form easily. These local contacts could then facilitate the nonlocal contacts between the ␣-helix and ␤-strands 3 and 4. The cooperation between local and nonlocal contacts would help the protein reach the native state and lead to a significant P fold for the ␣-disrupted states, as is observed ( Table 1 ). The two types of contacts probably form simultaneously, in accordance with the nucleation-condensation mechanism of protein folding (1, 3, 24, 25) .
On the other hand, the contacts made by the ␤-strands 3 and 4 are mostly nonlocal. In the native state of CI2, ␤-strand 3 has 25 contacts with the ␣-helix and 85 contacts with ␤-strand 4. For ␤-strand 4, there are 32 contacts with the ␣-helix, 33 with ␤-strand 5, and 38 with ␤-strand 6. Importantly, ␤-strands 3 and 4 make no intrastrand contact in the native state. So a ␤-disrupted state has no local contact to guide it to the native state. This probably explains why the ␤-disrupted conformations have a much lower P fold than the ␣-disrupted states.
In summary, we find that, in comparison to ␤-strands 3 and 4, disrupting the ␣-helix is a weaker perturbation on CI2 folding. The disrupted ␣-helix can readily reform because of the local and nonlocal contacts made by the helix. In this sense, the ␣-helix is kinetically less important than ␤-strands 3 and 4. However, this does not mean that, relative to ␤-strands 3 and 4, the ␣-helix contributes less to the energetic stability of the TSE.
Implications for Protein Folding and Design. We have provided a plausible reason why, in CI2, the ␣-helix is kinetically less important than ␤-strands 3 and 4, even when the ␣-helix is the most structured element in the TSE. Our explanation is based on the balance between local and nonlocal interactions, so it may apply generally to other ␣͞␤ proteins (5, 8, 11-13, 15, 16) . Therefore a value of 0.6 in an ␣-helix could, in general, be less important than the same value in a ␤-strand. In addition, to pinpoint the folding nucleus of a protein, it may be necessary to consider low values, especially in elements with long-range contacts such as ␤-strands. More experiments and computer simulations on other proteins should be done to test the above hypotheses. In this study, we have specifically perturbed different parts of the protein and looked at subsequent folding. This approach is a potentially powerful way to dissect the folding nucleus and could help us locate protein moieties that are essential to folding.
We also have demonstrated that the ␣-disrupted states, while structurally different from the experimental TSE of CI2, have a significant probability of reaching the native state rapidly. So, within a fixed protein topology, there may be diverse structures that can fold rapidly and repeatedly. This observation raises the exciting possibility of shifting the folding nucleus by protein design (8) , and some results have already been reported for protein G (37) . Given the significant P fold for the ␣-disrupted states, it may be interesting to redesign the CI2 sequence so that the ␣-helix is destabilized but the ␤-strands are stabilized. The almost identical exposed surface area for the TSE and the ␣-disrupted states (Table 1) shows that the hydrophobic core of the protein is buried to a similar extent in the two ensembles. This finding gives us hope that the ␣-disrupted states could function as the TSE in a redesigned CI2. Such a redesigned protein will illuminate the relative effect of sequence and topology on the TS in protein folding (6, 7, 12, 13, 15-17, 27, 35) .
Conclusions
First, we have validated protein engineering and -value analysis, by constructing the TSE from experimental values and verifying that the TSE has P fold Ϸ0.5. Second, we have presented a method that dissects the folding TS and applied the method to CI2. Surprisingly, the ␣-helix seems to be kinetically less important than ␤-strands 3 and 4, despite its higher values. We have given a plausible explanation for this result, and our explanation may apply to other ␣͞␤ proteins. Third, we have suggested the ␣-disrupted states (Fig. 1c) as possible candidates for a redesigned TS in CI2 folding. Finally, our study shows that, to locate the most nucleating region of a protein, both experimental values and exhaustive computer simulations are vital.
